Central to understanding early animal evolution are the questions of when and how many times in the ancestry of extant animals "eumetazoan" traits -nervous and digestive systems, striated musculature, and potentially defined mesoderm or its precursors -have arisen. The phylogenetic placement of the only two major animal clades lacking these traits, poriferans 28 (sponges) and placozoans, is crucial to this point, with the former having received much attention in recent years, and the latter relatively neglected. Here, adding new genome assemblies from three members of a previously unsampled placozoan lineage, and including a comprehensive dataset sampling the extant diversity of all other major metazoan clades and choanoflagellate outgroups, we 32 test the positions of placozoans and poriferans using hundreds of orthologous protein-coding sequences. Surprisingly, we find strong support under well-fitting substitution models for a relationship between Cnidaria and Placozoa, contradicting a clade of Bilateria + Cnidaria (= Planulozoa) seen in previous work. This result is stable to Dayhoff 6-state recoding, a strategy 36 commonly used to reduce artefacts from amino acid compositional heterogeneity among taxa, a problem to which the AT-rich Placozoa may be particularly susceptible. We also find that such recoding is sufficient to derive strong support for a first-splitting position of Porifera. In light of these results, it is necessary to reconsider the homology of eumetazoan traits not only between 40 ctenophores and bilaterians, but also between cnidarians and bilaterians. Whatever traits are homologous between these taxa must also have occurred in the evolutionary history of Placozoa (or occur cryptically in modern forms), and the common ancestor of Cnidaria and Bilateria may extend deeper into the Precambrian than is presently recognized.
Introduction 48
The discovery 1 and mid-20 th century rediscovery 2 of the enigmatic, amoeba-like placozoan
Trichoplax adhaerens did much to ignite the imagination of zoologists interested in early animal evolution 3 . As a microscopic animal adapted to extracellular grazing on the biofilms over which it creeps 4 , Trichoplax has a simple anatomy suited to exploit passive diffusion for many physiological 52 needs, with only six morphological cell types discernible even to intensive scrutiny 5, 6 , and no muscular, nervous, or digestive systems. Reproduction is apparently primarily through asexual fission and somatic growth, although there is genetic evidence of recombination 7 and early abortive embryogenesis has been described 8, 9 , with speculation that sexual phases of the life cycle occur only 56 under poorly-understood field conditions 10 .
Given their simple morphology and dearth of embryological clues, molecular data are crucial in placing placozoans phylogenetically. Early phylogenetic analyses through nuclear rRNA and mitochondrial marker genes gave somewhat contradictory and/or poorly supported placements of 60 Placozoa in the larger metazoan tree [11] [12] [13] . However, analyses of these markers strongly rejected some long-standing hypotheses, such as the notion that placozoans may be highly modified cnidarians 14 . Another important result from mitochondrial marker analyses was the revelation of a large degree of molecular diversity in placozoan isolates from around the globe, clearly indicating 64 the existence of many morphologically cryptic haplotypes presumably corresponding to species, which are partitioned into several divergent clades showing dramatic variations in the structure and size of complete mitogenomes 10, 15, 16 . In particular, haplotypes appear to be divided between two divergent groups (clades A & B) with up to 27% genetic distance in 16S rRNA alignments 17 . An 68 apparent definitive answer to the question of placozoan affinities was provided by production of a reference nuclear genome assembly from Trichoplax adhaerens haplotype H1, a clade B representative 7 , which strongly supported a position relatively far from the metazoan root, as the sister group of a clade of Bilateria and Cnidaria (sometimes called Planulozoa). However, this effort 72 also revealed a surprisingly advanced (more accurately, bilaterian-like 18 ) developmental gene toolkit in placozoans, a paradox for such a simple animal.
As metazoan phylogenetics has pressed onward into the genomic era, perhaps the largest controversy has been the debate over the identity of the sister group to the remaining metazoans, 76 traditionally thought to be Porifera, but considered to be Ctenophora by Dunn et al. 19 and
subsequently by additional studies [20] [21] [22] [23] . Others have suggested this result arises from inadequate taxon sampling, flawed matrix husbandry, and use of poorly fitting substitution models [24] [25] [26] [27] . A third view has emphasized that using different sets of genes can lead to different conclusions, with only a 80 small number sometimes sufficient to drive one result or another 28, 29 . This controversy, regardless of its eventual resolution, has spurred serious contemplation of possibly independent origins of several hallmark eumetazoan traits such as striated muscle, digestive systems, and particularly, nervous systems 21, [30] [31] [32] [33] [34] [35] . 84 In contrast to these upsets, as new genomic and transcriptomic data from non-bilaterians and metazoan outgroups have accrued, the position of placozoans as sister group to Planulozoa has remained relatively stable (a poorly supported result in a single early analysis notwithstanding 36 ).
However, to date, the reference H1 haplotype assembly has represented the sole branch of this 88 deeply branching metazoan clade in almost all analyses, and the role of model violations such as nonstationarity of amino acid frequency has been inadequately explored. Here, we provide a novel test of the phylogenetic position of placozoans, adding newly sequenced genomes from three clade A placozoans, spanning the root of this divergent second group in the phylum
Results and Discussion
Orthology assignment on sets of predicted proteomes derived from 59 genome and transcriptome assemblies yielded 4,294 orthogroups with at least 20 sequences each, sampling all 5 100 major metazoan clades and outgroups, from which we obtained 1,388 well-aligned orthologues.
Within this set, individual maximum-likelihood (ML) gene trees were constructed, and a set of 430 most-informative orthologues were selected on the basis of tree-likeness scores 37 . This yielded an amino acid matrix of 73,547 residues with 37.55% gaps or missing data, with an average of 371.92 104 and 332.75 orthologues represented for Cnidaria and Placozoa, respectively (with a maximum of 383 orthologues present for the H4 clade representative; Figure 1) . Surprisingly, our Bayesian analyses of this matrix place Cnidaria and Placozoa as sister groups excluding Bilateria with full posterior probability under the general site-heterogeneous 108 CAT+GTR+Г4 model (Figure 1 ). Under ML approximation of the CAT mixture model family 38 with LG substitution matrices ( Figure S1 ), we again recover Cnidaria+Placozoa, but support for this clade is strong only when secondary NNI search correction on UFbootstrap trees 39 is not performed ( Figure   S1 ), indicating possible model misspecification (unsurprising, because models with fixed substitution 112 matrices such as CAT+LG have been shown to fit less well than the more general CAT+GTR model in cross-validation tests 40 ). Intriguingly, both Bayesian and ML analyses show little internal branch diversity within Placozoa, indicating either a dramatic deceleration of substitution rates within the crown group or, more likely, a recent extinction of all but one lineage in the ancestry of modern 116 placozoans. Accordingly, deleting all clade A placozoans from our analysis has no effect on topology and only a marginal effect on support in ML analysis ( Figure S1 ).
Compositional heterogeneity of amino acid frequencies along the tree is a source of phylogenetic error not modelled by even complex site-heterogeneous substitution models such as 120 CAT+GTR [40] [41] [42] [43] . Furthermore, previous analyses 28 have shown that placozoans and choanoflagellates in particular, both of which taxa our matrix samples intensively, deviate strongly from the mean . 2017; amino acid composition of Metazoa, perhaps as a result of genomic GC content discrepancies. A posterior predictive simulation test of amino acid stationarity from our own converged CAT+GTR+Г4 124 analyses confirms this (Table S1) , showing summed absolute differences between global and taxonspecific amino acid frequencies (z-scores) outside the simulated null distribution for all taxa (p <0.05) in the real dataset, with particularly extreme values (z > 60) seen for most placozoans, choanoflagellates, and the calcisponge Leucosolenia complicata An attempt to remove 128 compositionally heterogeneous sites through a matrix-trimming algorithm (BMGE's χ ) removed all but 9,776 amino acid sites from our matrix (downstream analyses therefore not undertaken), further confirming that indeed strong compositional heterogeneity among taxa is likely present. As an alternative step to at least partially 132 ameliorate compositional bias, we therefore recoded the amino-acid matrix into 6 "Dayhoff" categories proposed to encompass biochemically similar residues, a strategy previously shown to reduce the effect of compositional variation among taxa, albeit information is lost 45, 46 . Analysis of this recoded matrix under the CAT+GTR model again recovered full support (pp=1) for 136 Cnidaria+Placozoa ( Figure 2 ). Indeed, in this analysis the only major change from the full alphabet analyses is in the relative positions of Ctenophora and Porifera, with the latter here constituting the sister group to the remaining Metazoa with full support. Accordingly, we suggest that compositional heterogeneity may be driving at least some of the discrepancies in the current debate over the basal 140 most divergences of the metazoan tree, in both our analyses and others.
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Concordance among gene trees (or the lack thereof) has also been emphasized as an important alternative metric of phylogenetic confidence in large-scale inference 29, 47 . We used novel . It is tempting to interpret the existence of a Cnidaria+Placozoa clade as supporting 164 the hypothesis of secondary loss of eumetazoan traits in Placozoa, particularly when considered jointly with our analysis (Figure 2 ) and others [25] [26] [27] which support Porifera as the sister group to all other metazoans. An alternative and probably more controversial interpretation of this relationship is that traits commonly held to be homologous between cnidarians and bilaterians -e.g., nervous 168 systems 52 -might have been independently developed in both taxa from an ancestor with a grade of organisation similar in some respects to modern placozoans. Just as the phylogenetic controversy over the position of ctenophores has prompted many to seriously consider possibly independent origins of some of these traits in this taxon, we suggest that a similar critical logic be applied towards 172 presumed homologies between Bilateria and Cnidaria. Indeed, there are already indications of .
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/200972 doi: bioRxiv preprint first posted online Oct. 11, 2017; independent origins of striated muscle in these two clades 35 . In considering the relative advantages of hypotheses of primary vs. secondary absence of eumetazoan features in Placozoa, we emphasise that these two interpretations are not mutually exclusive: homology should be examined point-by-176 point for individual characters, avoiding the broad conclusion that any given lineage is ancestrally simple vs secondarily simplified at a whole-organism level. We see great promise for single-cell RNAseq and its ability to achieve unbiased cell type identification as a means of resolving homologies across such widely divergent taxa 53 . 180
Much developmental work has already been conducted on cnidarian model organisms, especially Nematostella vectensis and Hydra magnipapillata, on the assumption that such work would help understand the condition from which the bilaterian lineage evolved 31, 52, [54] [55] [56] [57] [58] . This phylogeny supporting Placozoa + Cnidaria implies that both are equally important outgroups to 184 understanding the bilaterian ancestor; much more experimental work therefore needs to be directed to placozoans. It may be especially fruitful to compare Placozoa and Xenacoelomorpha, the latter now firmly understood (from studies with taxon sampling adequate to address this question) to form the sister group of all remaining Bilateria 59, 60 . 188
This result also implies, however, that proposed "deep" developmental correspondences between Cnidaria and Bilateria must also extend to Placozoa, at least ancestrally. For instance, much work in cnidarian models has focused on identifying germ layer homology with undisputed ). In this light, the original interpretation of the internal, contractile, but also digestive 4 placozoan fibre cells as homologous to bilaterian mesoderm 3, 51 , and by extension, 204 cnidarian mesendoderm, gains traction.
Developmental observations have also been used to argue that cnidarians may have a cryptic and similarly specified bilateral symmetry inherited from a common ancestor with Bilateria 64, 65 . If true, this implies that bilateral symmetry must also have been present in the stem 208 placozoan lineage, although modern placozoans have not been observed to show any morphological or behavioural axis orthogonal to the plane of their bodies. It is interesting in this light to revisit the paleobiological suggestion that the iconic Ediacaran fossils of the genus Dickinsonia and related forms may be related to Placozoa 66 on the basis of a broadly similar mode of external grazing, 212 through the lower part of the animal, on microbial mats that were widespread on the late Neoproterozoic ocean floor. The fact that such fossil forms evince a pronounced longitudinal axis of symmetry may be reconciled to their proposed affiliation to the modern anaxial Placozoa if a history of bilateral symmetry was indeed present in the placozoan stem. However, the utility of feeding 216 mode as a phylogenetic character is limited, and in many other respects (e.g., highly regulated isometric growth of Dickinsonia by terminal addition 67, 68 ), placozoans clearly diverge from these Precambrian forms. Regardless of the specific affiliation of Placozoa to any given fossil taxon, one clear paleobiological consequence of our results is that the inferred divergence time between 220 Cnidaria (+Placozoa) and Bilateria is likely to be much earlier than currently recognized in molecular clock studies [69] [70] [71] [72] , potentially pushing deep into the Cryogenian period, before the planet experienced one or more "Snowball Earth" glaciations, and adding several tens of millions of years . CC-BY-NC 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/200972 doi: bioRxiv preprint first posted online Oct. 11, 2017;  for bilaterians to acquire the traits that define the most diverse major group of animal life on the 224 planet.
Materials and Methods

Sampling, sequencing, and assembling reference genomes from Clade A placozoans 228
Haplotype H4 and H6 placozoans were collected from water tables at the Kewalo Marine 
Illumina library preparation and sequencing was performed by the Max Planck Genome 240
Centre, Cologne, Germany. In brief, DNA/RNA quality was assessed with the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, USA) and the genomic DNA was fragmented to an average fragment size of 500 bp. For the DNA samples, the concentration was increased (MinElute PCR purification kit; Qiagen, Hilden, Germany) and an Illumina-compatible library was prepared using the 244 Ovation® Ultralow Library Systems kit (NuGEN, Leek, The Netherlands) according the manufacturer's protocol. For the haplotype H4 RNA samples, the Ovation RNA-seq System V2 (NuGen, 376 San Carlos, CA, USA) was used to synthesize cDNA and sequencing libraries were then generated with 
XXXX, and XXXX) were mapped to genomic contigs with STAR v2.5.3a 80 , removing all sites in each alignment with scores below 5 as described previously 82 . 31 orthologues with retained lengths less than 50 amino acids were discarded, leaving 1,388 well-aligned orthologues.
Matrix assembly 316
A full concatenation of all retained orthogroups was performed with the 'geneStitcher.py' script distributed with UPhO available at https://github.com/ballesterus/PhyloUtensils. However, such a matrix would be too large for tractably inferring a phylogeny under well-fitting mixture models such as CAT+GTR; therefore we used MARE v0.1.2 37 to extract an informative subset of 320 genes using tree-likeness scores, running with '-t 100' to retain all taxa and using '-d 1' as a tuning parameter on alignment length. This yielded our 430-orthologue, 73,547 site matrix. Parallel .
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47
; however, 324 inferences performed on these matrices yielded trees judged broadly comparable to those from the matrix constructed with MARE (results not shown).
Phylogenetic Inference
Individual ML gene trees were constructed on all 1,388 orthologues in IQ-tree v1. 
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